The cellular kinase Akt is a key controller of cellular metabolism, growth, and proliferation. Many viruses activate Akt due to its beneficial effects on viral replication. We previously showed that wild-type (WT) simian virus 40 (SV40) large T antigen (TAg) inhibits apoptosis via the activation of PI3K/Akt signaling. Here we show that WT TAg expressed from recombinant adenoviruses in U2OS cells induced the phosphorylation of Akt at both T308 and S473. In contrast, Akt phosphorylation was eliminated by the K1 mutation (E107K) within the retinoblastoma protein (Rb) binding motif of TAg. This suggested that Akt phosphorylation may depend on TAg binding to Rb or one of its family members. However, in Rb-negative SAOS2 cells depleted of p107 and p130 by using small hairpin RNAs (shRNAs), WT TAg still mediated Akt phosphorylation. These results suggested that the K1 mutation affects another TAg function. WT-TAg-mediated phosphorylation of Akt was inhibited by a PI3K inhibitor, suggesting that the effects of TAg originated upstream of PI3K; thus, we examined the requirement for insulin receptor substrate 1 (IRS1), which binds and activates PI3K. Depletion of IRS1 by shRNAs abolished the WT-TAg-mediated phosphorylation of Akt. Immunoprecipitation studies showed that the known interaction between TAg and IRS1 is significantly weakened by the K1 mutation. These data indicate that the K1 mutation disrupts not only Rb binding but also IRS1 binding, contributing to the loss of activation of PI3K/Akt signaling.
The serine/threonine protein kinase Akt, also known as protein kinase B, is a key kinase controlling cell growth and survival (3, 10, 14) . Akt is activated by the upstream phosphatidylinositol 3-kinase (PI3K) pathway, which is activated by growth factors, such as insulin and platelet-derived growth factor. Insulin stimulation triggers the receptor's tyrosine kinase activity, leading to tyrosine phosphorylation at YXXM motifs in insulin receptor substrate (IRS) proteins (2, 27) . This allows interactions between IRS proteins and the p85 regulatory subunit of PI3K, thus activating PI3K. Activated PI3K catalyzes the phosphorylation of phosphatidylinositol 4,5-bisphosphate to phosphatidylinositol 3,4,5-triphosphate. Phosphatidylinositol 3,4,5-triphosphate binds proteins with pleckstrin homology domains, such as 3-phosphoinositide-dependent protein kinase 1 (PDK1) and Akt. This localizes PDK1 and Akt at the plasma membrane and positions them such that PDK1 can phosphorylate Akt on threonine 308 (T308) (1, 25) . The full activation of Akt requires not only T308 phosphorylation but also the phosphorylation of serine 473 (S473), which is mediated by mammalian target of rapamycin complex 2 (mTORC2) (23, 30) .
Large T antigen (TAg), one of the early gene products of simian virus 40 (SV40), is able to transform mouse and human cells, primarily by binding to and inhibiting tumor suppressor protein p53, retinoblastoma protein (Rb), and Rb family proteins (4, 32) . It has also been reported that transformation by SV40 TAg requires IRS1 (11) . The coexpression of TAg and IRS1 showed that the two proteins associate and that IRS1 was translocated to the nucleus in TAg-expressing cells (11, 17, 29) . Previously, we reported that SV40 TAg inhibited apoptosis through the activation of PI3K/Akt signaling (39) . In this paper, we demonstrate that IRS1 is required for the TAg-mediated phosphorylation (activation) of Akt. In addition, we show that TAg with the K1 mutation (E107K), best known for disrupting the Rb binding motif, is unable to phosphorylate Akt; this correlates with the debilitated binding to IRS1. Our data indicate that the K1 mutation disrupts not only Rb binding but also IRS1 binding; the loss of IRS1 binding results in the loss of activation of PI3K/Akt signaling.
MATERIALS AND METHODS
Cell culture and transfection. 293T, U2OS, and SAOS-2 cells were propagated and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM Gluta-MAX (all reagents were obtained from Invitrogen, Carlsbad, CA). Transfections were performed using FuGene6 (Roche Applied Science, Indianapolis, IN) based on the manufacturer's instructions.
Plasmids. Plasmid pCIS-hIRS1HA, expressing hemagglutinin (HA)-tagged wild-type (WT) human IRS1 was provided by Michael Quon at NIH (16) . pSG5-LT and pSG5-K1 (42) were described previously. Lentiviral plasmids expressing human IRS1 small hairpin RNA (shRNA) (catalog no. RHS3979-9607300), p107 shRNA (catalog no. RHS3979-97079661), and p130 shRNA (catalog no. RHS3979-97079668) were purchased from Open Biosystems, Hunts-ville, AL. Control green fluorescent protein (GFP) shRNA plasmid 12273 was purchased from Addgene, Cambridge, MA (28) .
Recombinant adenoviruses. Recombinant adenoviruses expressing WT TAg (Ad-LT) and the K1 mutant (Ad-K1) have been described previously (40) . Cells to be infected with the adenoviruses were pretreated for 1 h with either 50 M of the PI3K inhibitor LY294002 (LY) or the same volume of dimethyl sulfoxide (the solvent) at 37°C and then mock infected or infected with recombinant adenoviruses (multiplicity of infection [MOI] of 5) in the presence or absence of 50 M of LY. At 24 h postinfection, whole-cell lysates were prepared and analyzed as described below. In experiments where LY was not used, the cells were infected with the recombinant adenoviruses and harvested 24 h postinfection. When shRNA expression lentiviruses (see below) were used, the cells were infected with the lentiviral vectors 3 days prior to infection with the recombinant adenoviruses; cell lysates were prepared 24 h after the adenovirus infection.
shRNA lentiviruses. One day before transfection, 3 ϫ 10 6 293T cells were seeded in a 100-mm dish and cultured overnight at 37°C. Amounts of 10.0 g of shRNA lentiviral transfer vector, 6.5 g of the Gag/Pol-expressing plasmid pMDL, 3.5 g of the envelope protein-expressing plasmid pVSVG, and 2.5 g of the Rev-expressing plasmid pREV (35) were mixed with 45 l of FuGene6 in 400 l of Dulbecco's modified Eagle's medium and transfected into 293T cells as described in the manufacturer's instructions. Six hours after the DNA was added, 293T cells were refed with 5 ml of fresh medium. The conditioned culture medium was collected every 24 h for 3 days. The pooled media were cleared by centrifugation at 5,000 rpm in a Sorvall RT7 centrifuge. The cleared supernatant was used to infect cells by adding Polybrene to a final concentration of 8.0 g/ml.
Immunoprecipitation. Whole-cell lysates were prepared in HNIG buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EDTA, 10 mM sodium pyrophosphate, 10 mM NaF, 200 M Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 1.5 g/ml aprotinin, and 1.0 g/ml leupeptin). Amounts of 400 to 600 g of total extract protein were incubated with anti-HA affinity matrix (Roche Diagnostics, Mannheim, Germany) for 4 h at 4°C. The beads were washed three times with cold HNIG buffer and boiled in 25 l of 1ϫ sodium dodecyl sulfate loading buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 150 mM 2-mercaptoethanol, 0.01% bromophenol blue). The eluted proteins were separated by 9% sodium dodecyl sulfatepolyacrylamide gel electrophoresis and subjected to Western analysis.
Western analysis. The procedures for Western analysis and the preparation of cellular extracts for Western analysis have been previously described (40) . The following primary antibodies, with the vendor catalog numbers in parentheses, were used for analyses. Anti-phospho-Akt T308 (9275) and anti-phospho-Akt S473 (9271) were purchased from Cell Signaling Technology, Beverly, MA. Anti-p107 (sc-318), antiactin (sc-1615), anti-Gab2 (sc-9313), anti-mTOR (sc-8319), anti-PTEN (sc-7974), and anti-Rb (sc-102) were purchased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA. Anti-p130 (610261), anti-Akt (610861), anti-p85 (610045), anti-p110␣ (611398), and anti-PDK1 (611070) were purchased from BD Biosciences Pharmingen, San Diego, CA. Anti-Gab1 (06-579) and anti-IRS1 (06-248) were purchased from Upstate, Charlottesville, VA. Anti-Rictor (A300-458) was purchased from Bethyl, Inc., Montgomery, TX. Anti-HA/12CA5 was purchased from Roche Applied Science, Indianapolis, IN. The monoclonal antibody PAb419 (9), which reacts with both SV40 TAg and SV40 small t antigen, was produced and purified in this lab.
RESULTS
The K1 mutant of TAg fails to activate Akt. The K1 mutant of TAg has a single amino acid change from glutamic acid to lysine at residue 107 within the Rb binding motif (7, 24) . The mutation abolishes binding to Rb and its family members (12) . Ad-LT, Ad-K1, and the control adenovirus expressing GFP (Ad-GFP) were used to infect U2OS cells in the presence or absence of LY. In the absence of LY, the Ad-GFP control slightly increased the phosphorylation of Akt (Fig. 1A) ; however, Ad-LT induced much higher phosphorylation levels at both T308 and S473. In contrast, the ability of Ad-K1 to activate Akt phosphorylation was less than that of the Ad-GFP control. The total Akt protein levels remained constant in infected and mock-infected cells. In all cases, the presence of LY completely inhibited the phosphorylation of Akt at both S473 and T308, indicating that the activation originated upstream of PI3K (Fig. 1A) .
TAg does not increase the levels of key cellular proteins which affect the phosphorylation of Akt. There are a significant number of proteins that could affect the phosphorylation of Akt due to changes in their expression. In this regard, it is known that TAg is an efficient transcriptional activator which can transcriptionally activate simple promoter structures (18) . To determine if the expression of key proteins was altered by TAg, we analyzed their expression in U2OS cells infected with Ad-GFP, Ad-LT, and Ad-K1. The proteins examined included the PI3K subunits, p85 and p110␣; the PI3K/Akt negative regulator PTEN; adaptor proteins IRS1 and Grb2-associated binder 1 and 2 (Gab1 and Gab2); the T308-kinase PDK1; and mTORC2 components mTOR kinase and Rictor. As shown in Fig. 1B , none of these proteins showed a significant change in level in comparisons of mock-infected cells with cells infected with any of the adenovirus vectors.
The lack of induction of Gab1 and -2 is notable. The Gab proteins are adaptor proteins which play a role in transducing signals from activated receptors to PI3K/Akt, similar to the function of IRS proteins (19, 20, 22, 26) . It has been reported that the Gab2 gene is transcriptionally activated by E2F, re- sulting in increased levels of Gab2 and, consequently, the phosphorylation of Akt (5) . By this mechanism, the interaction between TAg and Rb, which releases E2F, could result in transcriptional activation of the Gab2 genes, increase the levels of the Gab2 protein, and activate Akt (4, 6) . However, as indicated by the results shown in Fig. 1B , neither the Gab1 nor the Gab2 level increases in the presence of WT TAg, suggesting that the above mechanism is not functioning in WT-TAgexpressing cells.
WT TAg induces phosphorylation of Akt in Rb-negative (Rb ؊ ) SAOS2 cells. To determine whether the Rb protein was needed for the TAg-induced phosphorylation of Akt, we used the adenovirus expression vectors to infect SAOS2 cells, an osteosarcoma cell line which does not express the Rb protein, as shown in Fig. 2A . Figure 2B shows that the TAg phosphorylation of Akt in SAOS2 cells was similar to that in U2OS cells. Specifically, Akt S473 and T308 phosphorylation was modestly increased by Ad-GFP but significantly increased at both sites by Ad-LT. However, Ad-K1 was unable to activate the phosphorylation of Akt even to the level seen with the Ad-GFP control. It is notable that the expression of K1 TAg in SAOS2 cells was significantly reduced compared to the expression of WT TAg. It is possible that the reduced K1-TAg levels contributed to the loss of Akt phosphorylation. To eliminate this possibility, we infected SAOS2 cells with increasing MOIs (5, 10, 15, and 20) of Ad-K1 to increase the K1-TAg levels. The results in Fig. 2C show that cells infected with Ad-K1 at MOIs of 15 and 20 produce K1 TAg at levels equivalent to the levels of WT TAg capable of Akt phosphorylation (Ad-LT; MOI of 5). Even at equivalent levels, K1 TAg showed no significant phosphorylation of Akt at either S473 or T308. Thus, the defect in Akt activation is not due to a problem in K1-TAg expression.
WT TAg can induce Akt phosphorylation in the absence of Rb, p107, and p130. The above data suggest that the inability of K1 TAg to induce Akt phosphorylation is not due to its defect in Rb binding. However, WT TAg also binds Rb family members p107 and p130 (15, 38, 42) . To test the possibility that defective binding to p107 and/or p130 is responsible for the inability to phosphorylate Akt, we introduced lentiviral vectors expressing shRNAs to deplete p107 and p130 individually and together in Rb Ϫ SAOS2 cells. A lentiviral vector expressing an shRNA against GFP was used as the control. Three days after the introduction of the lentiviral vectors, the cells were infected with Ad-GFP, Ad-LT, and Ad-K1 for 24 h. As shown in Fig. 3 , shRNA targeting p107 specifically depleted the p107 protein to undetectable levels compared to the levels in the control and had little effect on p130 protein levels. Similarly, p130 shRNA reduced the p130 protein to undetectable levels and had no effect on p107. Figure 3 also shows the results of a short and a long exposure of the Western analysis of TAg under the various depletion conditions. Compared to the results for the GFP control (Rb Ϫ , p107 ϩ , p130 ϩ ; lanes 1 to 4), the depletion of p107 (Rb Ϫ , p107 Ϫ , p130 ϩ ; lanes 5 to 8) decreased the levels of WT TAg and, especially, K1 TAg. In contrast, the depletion of p130 (Rb Ϫ , p107 ϩ , p130 Ϫ ; lanes 9 to 12) had little effect on the levels of WT TAg and appeared to allow increased accumulation of the K1 TAg. Depletion of both p107 and p130 (Rb together, the data suggest that p107 increases the steady-state levels of both WT and K1 TAg, since the levels of each go down when p107 is depleted and the levels are increased when only p107 is present (i.e., when p130 is depleted). In contrast, p130 may have the opposite effect; specifically, the loss of WT and K1 TAg due to p107 depletion is not as great when p130 is also depleted. Examination of Akt phosphorylation by WT TAg showed the expected phosphorylation of S473 and T308 in the GFP controls (Fig. 3, lanes 1 to 4) . In the p107-depleted cells (lanes 5 to 8), significant levels of phosphorylation of both Akt sites remained despite the lowered amounts of WT TAg; however, the phosphorylation of T308 appeared to be disproportionately reduced. Depletion of p130 (Fig. 3, lanes 9 to 12) had little effect on WT-TAg-induced phosphorylation of S473 but, again, there was a reduction in T308 phosphorylation. Depletion of both p107 and p130 (Fig. 3, lanes 13 to 16) had an effect on S473 phosphorylation similar to that of depletion of only p107; however, again a significantly greater effect on T308 phosphorylation is seen. These data suggest that WT TAg retains the ability to mediate Akt phosphorylation in the absence of Rb, p107, and p130; however the presence of p107 and p130 enhanced Akt phosphorylation, with the greatest effect on T308 phosphorylation. In summary, the data show that depletion of Rb, p107, and p130 does not abolish Akt phosphorylation, whereas the K1 mutation in the Rb binding site does. This suggests that the K1 mutation affects another function of TAg which mediates Akt phosphorylation.
IRS1 is required for TAg-induced phosphorylation of Akt. IRS1 is a major IRS which plays an important role in insulin signaling. The protein undergoes rapid tyrosine phosphorylation by the receptor kinase and forms a stable complex with the p85 subunit of PI3K, thereby activating it and its downstream pathways (2, 27) . It has been reported that TAg cannot transform cells that lack IRS1 expression (11) . The transforming activity can be restored by the expression of a WT IRS1 but not by an IRS1 mutated at the PI3K binding sites (11) . For this reason, the role of IRS1 in the TAg-mediated phosphorylation of Akt was tested. In depletion experiments similar to those whose results are shown in Fig. 3 , we introduced a lentiviral vector expressing an shRNA that would deplete human IRS1. Two days after lentiviral infection, the cells were infected with Ad-GFP and Ad-LT. Figure 4 shows that the human IRS1 depletion reduced IRS1 protein levels by more than 95% compared to the levels with the controls, which were either no shRNA or the shRNA targeting GFP. In IRS1-depleted cells, the phosphorylation of Akt at both T308 and S473 induced by Ad-GFP was not changed, as shown by comparing the nontreated and the GFP controls. However, the induced phosphorylation of Akt S473 and T308 seen in Ad-LT infection was abolished in the IRS1-depleted cells, suggesting that an IRS1/ TAg interaction results in Akt phosphorylation.
The K1 mutation significantly weakens IRS1 binding to TAg. It has been previously reported that TAg binds IRS1 and that this requires the N-terminal 250 amino acids of TAg (17) . The K1 mutation at amino acid 107 is within this region; thus, we asked whether a deficiency in IRS1 binding may correlate with the inability of the K1 mutant to induce Akt phosphorylation. U2OS cells were transfected with a plasmid expressing HA-tagged human IRS1 or a control vector plasmid and cotransfected with plasmids expressing either WT TAg or the K1 mutant TAg. Cell lysates were prepared 24 h posttransfection and immunoprecipitated with anti-HA antibody. The precipitates or samples of the whole-cell extracts were subjected to Western analysis probing for HA or TAg. The results show that the binding between IRS1 and the K1 mutant is significantly impaired compared to the binding of the WT TAg (Fig.  5) . Thus, a direct association between TAg and IRS1 correlates with the requirement for IRS1 in the TAg-mediated phosphorylation of Akt.
DISCUSSION
The activation of the cellular kinase Akt is pivotal to the successful replication of many DNA viruses (reviewed in ref- erence 8) . In large part this is due to the central role that activated Akt plays in inhibiting apoptosis while increasing cell growth, metabolism, and synthesis rates (10) . We have previously shown that TAg can activate Akt (39); additionally, SV40 small t antigen has also been reported to induce the phosphorylation of Akt (37, 41) . Akt is fully activated when phosphorylated on both T308 and S473. We show that WT TAg induces Immunoprecipitates and whole-cell lysates (WCE) were analyzed by Western blotting.
phosphorylation at both sites and that this is abolished by the K1 mutation in the Rb binding site which renders TAg unable to bind Rb and its family members. This suggested that binding to Rb, p107, and/or p130 may be needed for Akt phosphorylation. However, the WT-TAg-mediated phosphorylation of Akt was not abolished in Rb Ϫ SAOS2 cells which were also depleted of both p107 and p130 using shRNAs.
Significantly, p107 and p130 were found to have modulating effects on both the steady-state TAg levels and the levels of Akt phosphorylation. Specifically, the p107 and p130 depletion experiments showed that the levels of both WT and K1 TAg are positively affected by p107, while p130 appears to have a negative effect. At this point, the mechanisms of these controls are not known. The TAg-mediated phosphorylation of Akt, although functional in the absence of all Rb family members, is enhanced by p107 and p130. In cells where p107 was depleted, phosphorylation at both T308 and S473 was reduced. Interestingly, this reduction was greater for phosphorylation at T308 than at S473. In this regard, the depletion of p130 resulted in only a reduction in T308 phosphorylation. Since PDK1 mediates Akt T308 phosphorylation, these data suggest that p107 and p130 affect PDK1 activity much more than the activity of mTORC2, which phosphorylates Akt at S473. It has been speculated that the phosphorylation of T308 by PDK1 and PI3K is a prerequisite for the phosphorylation at S473 by mTORC2 (30) . Our data do not agree with this but support other evidence suggesting that S473 phosphorylation may precede T308 phosphorylation or may be independent of it (30, 31) .
Thus, we have observed that depletion of all the Rb family proteins does not abolish the TAg-mediated phosphorylation of Akt; however, mutation of their binding site in TAg does. This suggested that the K1 mutation affects another function of TAg which does not involve the Rb family proteins. The observation that the TAg-mediated phosphorylation of Akt is inhibited by a PI3K inhibitor suggested that this function of TAg is targeted upstream of PI3K. Therefore, we considered adaptor proteins, specifically the IRS proteins for which a functionally significant interaction with TAg has been suggested. The transformation of mouse embryo fibroblasts by TAg requires tyrosine-phosphorylated IRS1 (11) , and cells lacking IRS1 or containing serine-phosphorylated IRS1 cannot be transformed by TAg (11) . In addition, an association between the two proteins has been shown (11, 17, 29) . The results of our studies show that by depleting IRS1, the ability of TAg to mediate Akt phosphorylation is abolished. Further, the inability of K1 TAg to mediate Akt phosphorylation correlates with inefficient binding to IRS1.
We can only speculate on how TAg, primarily a nuclear protein, may interact with IRS1, which is primarily located near the plasma membrane and the insulin receptor. It has been reported that a small fraction of TAg stays in the cytoplasm and associates with the cellular membrane (13, 21, 33) ; this fraction may be in a position to functionally interact with IRS1, leading to IRS1 activation of PI3K. Alternatively, IRS1 has been reported in the nucleus of TAg-expressing cells, suggesting that its interaction with TAg may relocate it to the nucleus (29, 34, 36) . Thus, it is possible that nuclear IRS1 mediates novel signaling mechanisms resulting in Akt phosphorylation.
Regardless of the mechanism, our data suggest that the interaction between TAg and IRS1 is needed to induce the phosphorylation of Akt on both S473 and T308. The K1 mutation in the Rb binding domain of TAg inhibits Akt phosphorylation and also disrupts the TAg-IRS1 interaction. This single amino acid change from glutamic acid to lysine changes the residual charge from negative to positive, which may not only affect the Rb binding domain but also alter the N-terminal structure of TAg, resulting in weakened binding to IRS1. Our data suggest that some of the phenotypes of the K1 mutation attributed to loss of binding to Rb family proteins may, in fact, be due to the loss of IRS1 binding.
